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Horizontal Axis Wind Turbines (HAWT) may experience catastrophic failures due 
to very strong wind and/or seismic loads.  Such loads, if not properly addressed, may result 
in excessive deformations which, in turn, may cause significant damage, or even collapse 
of wind turbines.  
This research proposes the development of a novel nonlinear dynamic response of 
wind turbine towers, in order to produce more reliable designs, especially in the case of 
ultimate loading of horizontal axis wind turbines. The approach is highly nonlinear, and 
requires advanced numerical techniques to achieve accurate solutions.  The programming 
of these techniques is achieved using the Embarcadero's Delphi, which is a Windows based 
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              CHAPTER  1 
CHAPTER  1                  INTRODUCTION 
1.1   Wind Turbine  
Wind energy, as a renewable energy resource, has been vigorously pursued in the 
last few decades to address the challenges of using clean energy. The significance of the 
wind energy has led numerous research investigations to address the associated 
mechanical, electrical, structural, geotechnical, and environmental issues. Figure 1.1 
illustrates the world-wide growth of wind power capacity that has been installed since 
1995. The World Wind Energy Association WWEA (2015) expects that wind capacity will 
increase every year to achieve the goal of 20% of total energy by 2030. A large number of 
wind turbines much be constructed to achieve such goal. As shown in Figure (1-1), the 
worldwide capability was raised by 5.8% between mid-2014 to mid-2015 (WWEA, 2015). 
Such significant level of construction leads naturally to the need of significant 
improvements of the reliability and efficiency of wind turbine components to withstand 
both known and unexpected loading conditions.  
Figure 1.1 Illustrates the world-wide wind power capacity 
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The components of a typical wind turbine include the foundation, the tower, the 
nacelle, which houses the power generating components, and the rotor, which consists of 




Tower height is an important factor in the design of wind turbine. The height of the 
tower is typically a compromise of the need to place the rotor as high as possible to take 
advantage of stronger winds, and the need to limit this elevation to accommodate structural 
foundation and constructability limitations. Early wind towers were approximately 20 






Figure 1.2 Typical horizontal wind turbine tower 
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were constructed with a simple tubular steel or lattice-type design.  Current towers in the 
United States, are typically 80 m tall and produce approximately 1800 to 2500 kW.  The 
next generation wind farms will require turbines with capacity which exceeds 20,000 kW, 
and towers which are approximately 250 m tall. The projected rate of increase in demand 
is 1.2 GWH to 2 GWH per year (The Concrete Center, 2007). Figure1.3 shows the expected 
growth capacity of wind turbine development with the height of towers and diameter of 
blades.  
 
The efficiency of a wind turbine requires taller towers and larger blade sweep 
diameters. Power generated from the wind is proportional to the cube of wind velocity, as 
well as the area swept by the blades, and is given by the equation =    , where 
A is the sweep area = , V is wind velocity,  is Betz limit coefficient = 0.59 and  
is the air density.  
Figure1.3 The expected growth capacity of wind turbine 
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Taller towers offer improved efficiency compared to shorter towers per wind-farm 
area.  This is shown in Figure 1.4, which demonstrates that the power generated by a group 
of 5 MW wind turbine towers is twice as much as that of a group of 1.5 MW wind turbine 
towers covering the same area.        
 
            As the tower height increases, blades need to be stiffer and stronger as a 
consequence of longer lengths and stronger winds at this height. The challenge to meet this 
demand is to know the environmental loads, which are, in nature, dynamic. The effects of 
these loads include lateral forces, overturning moments at the base of the tower, potential 
fatigue due to loading cycles, seismic loads, and the rotational effects of the turbine blades. 
            Different design models have been developed through the years based on structural 
needs (Van Zyl, 2014). Thes  include guy-wired towers, legged towers, lattice towers, and 
tubular steel towers. More commonly, wind farms are developed using wind turbines 
supported mostly on steel towers and more recently on tubular concrete towers as shown 
Figure1.4 Power Production for two kinds of wind turbine for same area (Brughuis, 2004) 
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in Figure 1.5. Lattice towers are often used for smaller wind turbines.  Many small wind 
turbines are built with guy pole towers and three-legged towers (DNV/Risø, 2002).  
 
 
Schematics of typical examples of prestressed concrete, steel and prestressed 
concrete/steel hybrid onshore wind turbine towers are presented in Figure 1.6. Criteria that 
govern the designs, which include transportation, erection, and fabrication, are decided 
based on the condition for the construction site, (Grünberg, 2013).  Steel tubular towers are 
typically limited in height to 100 m due to transportation limitations (Brughuis, 2004).  
Since the steel towers height more than 100 m need to have outer diameter of base more 
than 5.5 m which reaches upper limit that can be transported (Lewin,2010). The hybrid 
towers were designed to overcome this limitation by constructing a concrete tower, which 
supports a steel tower, thus allowing the construction of a taller tower, without exceeding 
the transportable steel section diameters.   
Figure 1.5 Design concept of wind turbine tower (DNV/Risø, 2002).  
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Important aspects to consider for the construction of a wind turbine tower are the 
materials used, the distance between the places of manufacture and wind farm, and the 
mode of transportation for each part. To accommodate transportation, the towers are 
typically constructed of segments with a maximum diameter of approximately 4.3 m 
(Lewin,2010), which are transported on special trucks as shown in Figure 1.7. 
 
 
Figure 1.6 Common design of tall wind turbine towers (Grünberg 2013) 
(a) Steel segment                                                                  (b) Concrete segment 
Figure 1.7 Transportation of wind turbine tower’s segments 
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After all wind turbine components are delivered to the site of construction, and the 
foundation is constructed, the assembly of wind turbine sections can start. Figure 1.8 
illustrates tower parts which are stacked on top of each other using cranes. Following the 
tower assembly, the nacelle and rotor are installed at the top of the tower.   
 
 
Taller wind turbine towers, are subjected to higher wind pressures, and are more 
vulnerable to seismic loads. Figure 1.9 illustrates a wind turbine tower which collapsed due 
to strong wind at Goldenstedt, Germany and a second wind turbine tower which tilted due 
to earthquake that occurred in Kashima City, Japan. Since wind turbine structures are 
expected to be subjected to various type of loads, it is imperative to understand how wind 
turbines respond to such loads, and design them in an economic and constructible way to 
avoid catastrophic failures. 
Figure 1.8 Tower construction 
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The dynamic loads of wind turbines are interactive to the structural geometry and 
stiffness of the tower, and are practically always calculated by turbine manufactures using 
proprietary dynamic compressive-fluid flow finite elements software, by applying repeated 
random wind loads.  The equivalent static load envelopes of these analyses at the base of 
the towers are then provided to the site engineers who are responsible for the design of the 
foundations of the towers. Whereas the proprietary nature of tower calculations limits the 
knowledge of details of what is considered, it is understood that all analyses are based on 
steel tower elastic behavior.  Whereas this approach is justified when considering service 
loads, it is questionable under factored ultimate loads where nonlinear behavior of the 
tower and the foundation is likely. Nonlinear material response results in continuously 




Figure 1.9 Turbine collapsed – Germany and Japan 
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1.2 Research objectives   
The main objective of the study is to address the geometric and material non-linear 
effects, that result from the extreme loads that a wind turbine is subjected under the failure 
loads. This is a generic problem in the limit state design for failure loads, where the analysis 
is typically elastic, while the design is inelastic and is based on cross-sectional ultimate 
strength. This approach is acceptable (although not necessarily efficient) in building 
design, where the structures are highly redundant.  Redundancy allows the extreme load 
capacity to develop through internal force redistribution (Conniff, D. E. and Kiousis, P. D. 
(2007). However, wind turbine towers are statically determinate and cannot redistribute 
their internal forces.  Instead, the nonlinear response of a cross-section influences the 
natural frequency of the structure and its response to the dynamic loads. Thus, force 
development and potential dynamic resonance must be identified more precisely to design 
safely for dynamic wind and seismic loads.  Such accuracy improvements are significant 
both for the dynamic analysis of the towers, which are currently performed by the turbine 
manufactures, ignoring inelastic behavior, and the quasi-static analysis of the foundations 
which are performed by project structural and geotechnical engineers based on loads that 
are provided by the turbine manufactures. 
1.3 Scope of this research  
     This study uses the Embarcadero's Delphi, which is a Windows based Object 
Pascal programming environment to develop a novel finite element analysis in order to 
complete the following tasks: 
1- Develop the non-linear moment-curvature relation for cross-sections manufactured 
using steel. 
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2- Implement non-linear moment- curvature  relations for shallow foundations, which 
are the most common types of foundations for on-land turbines. 
3- Develop the linear and nonlinear structural models of wind turbine towers including 
local and global instability (i.e. buckling) effects. 
4- Develop a series of arbitrary wind and seismic excitations to develop response 
envelopes. 
5- Use the above criteria to design wind turbine towers. 
1.4 Organization of the dissertation 
  This dissertation is divided to six chapters as follows: 
Chapter 1: The introduction, which provides general information about wind turbine 
towers. 
Chapter 2: The Literature review, which demonstrated earlier computational and 
experimental investigations to design wind turbine tower including wind loads and 
seismic loads. 
Chapter 3: The wind and seismic loads, which are calculated based on statistical 
variations of averages and standard deviations in order to perform limit states designs. 
Chapter 4: The numerical methods, which are used based on the inverted pendulum 
method. 
Chapter 5: The modeling approach that is used to solve non-linear system and its 
programming using Delphi. 
Chapter 6: The summary and conclusion of overall work. 
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          CHAPTER 2 
 CHAPTER 2 LITERATURE REVIEW 
2.1  Material choices of large wind turbine tower 
Steel has been the material of choice in tubular towers as shown in Figure 2.1 
(Ancona et al., 2001). Most of wind turbine towers that were installed around the world 
were tubular steel towers which allow larger elastic deformations, have excellent strength 
and ductility, and have fast construction time. However, the need for increased hub heights 
requires the ability to resist larger loads and moments. In order to satisfy these 
requirements, steel towers must have base sizes that pose significant transportation 
problems.  
 
Transportation presents challenging problems for wind turbine towers because of 
transportable size limitations.  Especially the issue of tower diameter can be very limiting, 
because tower sections cannot exceed a diameter limit of 4.3 m.  An approach to address 
Figure 2.1 Wind turbine materials 
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this restriction is the modular wind turbine tower as demonstrated in Figure 2.2 
(Chantharasenawong et al., 2011). Nevertheless, modular wind turbine towers alleviate the 
transportation constraints associated with the large diameter.  Th  fatigue loads that result 


















Concrete is recognized as  successful alternative construction material for wind 
turbine towers, especially for tower heights that exceed 100 m (Hau, 2005).  The usage of 
concrete towers has increased significantly in the in U.S. and worldwide. Advantages of 
(a) Transportation of modular tower sections  
(b) Modular wind turbine Chantharasenawong et al. (2011) 
Figure 2.2 Modular steel towers allowing for easier transportation 
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concrete construction such as material high performance and high-strength, fewer 
transportation issues, taller structures, lower maintenance, construction flexibility, and 
good material damping, often make concrete the preferred choice for larger towers.  Precast 
concrete segments can be composed of multiple semicircular sections as shown in Figure 
2.3 (a), or can be constructed on site, thus, completely eliminating section transportation 
issues. Some companies, such as Enercon, use mobile precast concrete factories to 
eliminate the transportation issues as shown in Figure 2.3 (b) (Gaspar, 2012).  The design 
of joints between precast concrete segments is crucial to ensure proper performance of a 
tower.  Since concrete towers are thicker than steel towers, they often form stiffer structures 
with reduced deflection due to wind loads and earthquakes. The large weight of precast 
concrete segments may necessitate segments with smaller lengths, and, thus, a larger
number of joints (LaNier, 2005).  On the other hand, the increased load of the structure can 
be beneficial to the foundation design as it may decrease significantly the load eccentricity 
that results from the large overturning moment. 
 
(a) Semi-circle precast concrete                             (b) Mobile precast concrete factories, India 
                                                                Figure 2.3 Precast concrete  
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          An alternative construction method to address the challenges with taller towers is the 
use of hybrid towers.  Hybrid towers are constructed using concrete at their lower sections, 
and steel at their higher sections, where the bending moments are smaller. This concept 
eliminates the need to transport large steel sections.  An example of a hybrid tower is 
presented by Vries, (2009), and is demonstrated in Figure 2.4. To overcome the appropriate 
shape for large wind turbines, Advanced Tower System developed a hybrid tower with 
square cross sections with rounded edge. The rounded edge was used to accommodate the 
upper segments of tubular steel tower (Vries, 2009). The lower tower sections are vertically 
divided into three or more slender segments which can be easily transported. All sections 
are assembled on the construction site in no more than three weeks. Hybrid towers are 
lighter than concrete towers. This reduces seismic loads and increases the tower natural 
frequency.  
 
Figure 2.4 Assembly of hybrid tower -Advanced Tower System 
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Another design of a hybrid tower was developed by Tindall Atlas CTB, and is 
shown in Figure 2.5 (Tindall Corporation, 2009).  This design uses 3 m width and 4.5 
height of precast concrete staves that are assembled to produce large diameter bases. This 
design concept accommodates hub heights more than 100 m.   
 
          LaNier (2005) conducted a study on three types of towers, a tubular 100 m steel, a 
100 m steel/concrete hybrid and a 100 m all-concrete tower.  Each type of tower was 
designed for three power generation demands: 1.5-MW, 3.6-MW and 5.0-MW. The data 
and performance requirements for each tower are presented in Table 2.1. The study 
concluded that the cast-in place concrete towers were the most cost-efficient in each case. 
Therefore, concrete as construction material, can play a significant role in the design of the 
next generation of wind towers.  However, hybrid towers, are also attractive because they 
can overcome the transportation limits.  Hybrid towers also allow the reuse of existing steel 
towers.  
Figure 2.5 Tindall Atlas CTB Hybrid Tower (Tindall Corporation, 2009) 
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                 Table 2.1 Turbine design specifications (LaNier, M.W. 2005) 
Another study was conducted to evaluate the cost for different designs of wind 
turbine towers (Way and zail,2015).  The study does not include the cost of installation 
methods, logistics and transportations.  The types of towers are conventional steel towers, 
precast-post tensioned, segmental concrete towers and concrete-steel hybrid towers for 
three hub height 80,100 and 120 m for each type. The results of the nine models analysis 
show that the concrete and hybrid towers costs less than steel towers, especially for towers 
that are taller than 100 m. 
2.2 Wind turbine tower studies  
The most important loads to be taken into account are aerodynamic, gravitational, 
and inertial loads. Important experimental and computational investigations have been 
performed in the last few years to improve the understanding of wind turbine loads.  Most 
of these studies have addressed the loads on blades, rotors, and nacelles for failure and 
fatigue due to excitations by random wind loads.  There exist however a few studies that 
have focused on wind turbine tower loads caused by random wind loads. An early 
investigation was conducted on a 1 MW turbine using a 44 m steel tower with a 52 m rotor 
diameter that was designed and installed in Greece (Lavassas et al., 2003).  A finite 
elements model was developed, which represented the nacelle and rotor of wind turbine as 
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a point mass and the tower as distributed mass as shown in Figure 2.6. The results of this 
investigation showed that the extreme wind loads are dominant to the design unless the 
tower is in regions of high seismicity.  
 
Research studies have commonly used experimental tunnel facilities to understand 
and control the environment loads. An experimental wind tunnel in Kyoto University was 
used to design a wind turbine tower.  Kawai (2008) conducted a study in a wind tunnel to 
estimate the design wind forces on the tower and the blades. The model was scaled 1/100 
of the 2.5 MW wind turbine in a wind tunnel as shown in Figure 2.7.  The experimental 
turbine proved that the maximum overturning moment can be calculated when the wind 
force on the blades reaches its maximum value.  
Figure 2.6 Wind turbine model (Lavassas et al., 2003) 
 




While most studies were conducted using conventional circular cross-sectional 
shape towers, other shapes have also been considered.  Umut et al. (2011) considered steel 
towers of 80 m and 36 m height with square cross-sections with power capacities of 450 
kW, 1MW and 3MW.  The wind turbine tower loads were obtained from self-weight, rotor 
forces and wind. Five models with different heights and capacities were analyzed with 
SAP2000.  The investigation did not take into account fatigue or buckling strength.  It was 
concluded that the square cross section of the steel tower is an alternative solution to the 
conventional conical steel tower.  
The need for taller towers with increased efficiency has led to an increased research 
effort related to seismic and wind loading. In 2002, an early investigation to determine the 
seismic loading response, was conducted on a 450 kW turbine with a 38 m tall steel tower 
(a)  Schematic wind forces                                          (b) Model in the wind tunnel 
Figure 2.7 (Kawai, 2008): 1:100 Scaled Wind Turbine 
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using a lumped-mass model that lumps the nacelle and rotor as a point mass (Bazeos et al., 
2002). The analysis was performed for a fixed boundary condition at the base as shown in 
Figure 2.8. It was determined that the seismic analysis produces less stresses than the quasi-
static wind loads. 
 
       In 2003, a research study was conducted to examine the seismic response of a 60 m 
hub height tower (Ritschel et al., 2003). Two methods were used to simulate the response 
of the tower (simplified and more exact), to compare the results.  The simplified model, 
which is demonstrated in Figure 2.9, was found to be reasonably accurate to be applicable 
in regions of high seismicity.  
 
Figure 2.8 Seismic analysis model (Bazeos et al., 2002) 
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In 2004, a full scale wind turbine was installed on a large shake table at the 
University of California, San Diego (UCSD).  Figure 2.10 shows the 23 m hub height 65 
kW wind turbine on the NEES sponsored for Large High Performance Outdoor Shake 
Table (LHPOST), which provided a real seismic response of the tower, which was in a 
parked state (Prowell et al., 2008).  This experimental work was then used to calibrate an 
advanced finite element model.  
In addition, the 65 kW test model was used for more extensive investigations 
(Prowell et al. 2012; Prowell et al. 2013). These studies concentrate to relatively small 
wind turbines compared to most new wind turbines. It is consequently necessary to study 
other larger turbines. 
 
Figure 2.9 Wind turbine simplified approach (Ritschel et al., 2003). 
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Butt and Ishihara (2012) conducted an investigation to produce reliable designs for 
locations where the seismic design could be critical. The International Electrotechnical 
Commission (IEC) standard recommends three methods: the simplified method, the time 
domain method and the response spectrum method to estimate the seismic load.  While the 
simplified method uses a single degree of freedom system (SDOF) which is not accurate, 
the time domain method needs detailed loading information.  IEC refers to the local 
building codes to use the response spectrum which may not be applicable to the unique 
dynamic behavior of wind turbine towers. For the purpose of their investigation, the authors 
used three different wind turbine models 400 kW, 500 kW and 2MW and evaluated them 
Figure 2.10 Experimental Testing 65 kW wind turbine (Prowell et al., 2008) 
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to predict the seismic response. The 2MW turbine tower that was used, was amaged in 
Kashima City, Japan, during March 11, 2011 earthquake. The towers were modeled as 
multi-degree of freedom (MDOF) systems with lumped mass at the top. Translational and 
rotational springs connecting the foundation to the ground were used to simulate the soil-
structure interaction effect, as shown in Figure 2.11.  
 
 
2.3 Existing codes for wind and seismic loads 
Guidelines have been used for calculating the direct wind pressure on a wind 
turbine and seismic loads, such as ASCE 7, International Electrotechnical Commission 
(IEC) and Guidelines for Design of Wind Turbines (DNV/Risø, 2002).  In general, codes 
that are used for building structure design requirements, can also be used with wind 
turbines. However, turbine towers also experience load conditions such as normal 
Figure 2.11 MDOF with sway-rocking model Butt and Ishihara (2012) 
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conditions and extreme conditions which are not addressed by building codes such as 
ASCE 7(ASCE/AWEA-RP2011).  Thus, it is important to use codes which have been 
developed explicitly for wind turbines. In the absence of guidelines, various agencies such 
as the National Renewable Energy Laboratory (NREL), the Department of Energy, the 
American Wind Energy Association (AWEA) and the American Society of Civil Engineers 
(ASCE) have been working to address design requirements and considerations for wind 
turbines. ASCE/AWEA have provided a document –PR2001 -that clarifies the 
requirements needed to design a wind turbine tower.  ASCE/AWEA –PR2001 requires the 
use of local codes with IEC.  The IEC 61400-1 specifies details about wind condition which 
are not provided in ASCE-7.  Furthermore, the building code does not take into account 
conditions such as start-up, shutdown, and emergency shut down, which are included in 
the IEC code, and often dominate the design.  
For seismic analysis, DNV-RISØ “Guidelines for Design of Wind Turbines”, 
deliver simplified processes for estimating the seismic effects of a wind turbine. The wind 
turbine tower is modeled as a single degree of freedom system with a lumped mass equal 
to that of the nacelle, the rotor and 1/4 of the tower mass. The horizontal loads can be 
calculated from response spectra. On the other hand, the IEC guidelines provide a more 
conservative calculation that takes into account the 50% of the tower mass, the rotor mass 
and nacelle mass as concentrated mass when calculating the seismic load. Response spectra 
should be calculated based on local codes. The International Building Code, ICC IBC 
(2006) has been used widely for seismic loads, which rely on the ASCE-7. The seismic 
effects are often significant for wind turbine at locations with increased seismic hazard.  
Figure 2.12 shows an example of design of base shear values for 1.5MW, 100 m hybrid 
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and full concrete towers which have been installed on various on some different city on 
















Figure 2.12 Base shear comparison between hybrid and full concrete towers. (LaNier, M.W. 2005) 
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             CHAPTER 3 
CHAPTER3 LOADS ON WIND TURBINE TOWERS  
3.1 Source and requirements of loading     
               Wind turbines are expected to be erected in locations where wind speed is 
sufficiently high to produces energy. They are subjected to fluctuating wind loads, which 
are combined with other loads. Hau (2005) describes these loads as static, cyclic, 
aerodynamic and mechanical loads.  In addition, towers are subjected to loads that are 
transferred from different blade operations.  In general, it is understood that the wind loads 
are dominant in most cases. An overview of the loads that wind turbines are subjected to 
is provided here.  
3.1.1 Types of loads 
Wind turbines experience different type of unsteady loads which may be classified as 
following (Hau, 2005): 
(a) Gravity- forces  
Figure 3.1(a) shows gravity forces which include dead loads of nacelle, rotor’s weight 
and tower’s own weight. Gravity forces generally cause sinusoidal loading due to the 
rotation of the blades. This kind of loads are important for fatigue analysis because wind 
turbines are designed to produce electricity for 20 years.  Thus, a turbine with blades 
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(b)  Cyclic loads 
Figure 3.1(b) shows cyclic loads which vary in a periodic manner that results 
deflections of the tower that are proportional to the loading. Load frequencies such as rotor 
frequency and blade shadowing frequency are cyclic loads. 
(c) Stochastic loads 
       Figure 3.1 (c) presents stochastic loads which vary in a random manner. These loads 
can be generated by seismic ground motions or wind turbulence.  In addition to these loads, 
centrifugal loads and gyroscopic loads can be developed which are not very significant due 
to a low rotational speed and a low yawing rate respectively.   
(a) Gravity forces 
           Figure 3.1 Effect of different types of loads 
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(b) Cyclic loads -aerodynamic forces 
(c)  Non- cyclic loads -aerodynamic forces 
Figure 3.1: Continue 
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Wind turbines need to be placed in locations which have a good wind resource, and 
terrains that are relatively free of clutter.  Consequently, it is important to use an acceptable 
approach to calculate the wind loads based on the kind of wind resource that is available.  
Wind speed increases with height.  That change is called wind shear. As shown in Figure 
3.2, the wind speed can be determined according to 61400-1by Hellmann's power law: 
� = � ∗                    (3.1) 
Where 
 �  =  the wind speed at height z. 
� =   the 10-minute average wind speed at height � . 
  =       the power law exponents 0.2 for flat site.  
Figure 3.2 shows wind profile for = .  /  , = .  and � = .   
Figure 3.2 Wind profile- wind shear law for =  .  / ,  =  .   �  =  .   
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Varying wind speeds load the wind turbine towers in different ways, and have 
different implications for the operation of the wind turbine.  It is important to understand 
the range of wind speeds that is useful for power production, including the cut-in wind 
speed, the rated wind speed and the cut-out wind speed. The cut-in and cut-out wind speeds 
are the minimum and maximum wind speed respectively for which a wind turbine produces 
power.  The power production occurs between cut-in speed and rated speed. Cut-off speed 
is a constant speed which, once achieved, is controlled by pitching the blades to keep the 
rpm constant. 
In order to determine the wind speed and wind pressure magnitudes, evaluation of wind 
loading guidelines are used. ASCE-7-10 provides guidelines to calculate wind pressures 
on buildings, including tall chimneys. The International Electrotechnical Commission (IEC 
61400-1) provides wind load guidelines that are specific to wind turbine conditions.  The 
International Building Code, ICC IBC (2006) is used for seismic loads.  The ACI 318 and 
AISC are used to design of concrete tower and steel tower respectively. 
3.1.2 Basic wind speed according to IEC 61400-1  
        The guidelines to define the design wind speed as a part of the calculation of the 
design wind pressure are based on IEC61400-1, and are summarized here. The wind 
velocities to be considered, based on wind turbine classes, are presented in Table 3.1. This 
classification covers most onshore wind turbine operating environments.  However, these 
classes do not include special conditions such as seismic loads and tropical storms. A f urth 
class “s” includes any specific conditions that are given by manufacture and /or a designer 
which anticipates other values that reflect the site of constructions environment in a more 
accurate way.     
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     Table 3.1 parameter for wind turbine classes as per IEC61400-1 
Wind turbine class I II  III  S 




  (m/s) 50 42.5 37.5 
Annual average wind speed(m/s) 10 8.5 7.5 
50-year return gust(m/s) 70 59.5 52.5 
1 year return gust (m/s) 52.5 44.6 39.4 
A              0.16 
B               0.14 
C                0.12 
  
 = the reference wind speed average over 10 minutes, is used for identifying the 
different classes and it happened once in 50 years. 
A    = the category for higher turbulence characteristics. 
B     = the category for medium turbulence characteristics. 
C     = the category for lower turbulence characteristics. 
   = the expected value of the turbulence intensity at 15 m/s. 
IEC-6400-1 divides the wind conditions into normal, which are expected to occur 
regularly during turbine operation, and extreme,” extreme conditions represent rare 
external design conditions defined as having a 1-year and 50-year recurrence periods” 
(ASCE/AWEA-RP2011). These conditions are classified as shown in Table 3.2: 
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Table 3.2 wind condition as per IEC 6400-1 
WIND CONDITION ABBREVIATION 
Normal wind profile model NWP 
Normal turbulence model NTM 
Extreme wind speed model EWM 
Extreme operating gust EOG 
Extreme turbulence model ETM 
Extreme direction change EDC 
Extreme coherent gust with change direction ECD 
 
1. Normal wind conditions 
a. The normal wind profile model (NWP) 
The wind speed at any height can be determined by: 
� = �ℎ ∗ ℎ                        (3.2)  
 = the power law exponents 0.2. 
b. Normal turbulence model (NTM) 
The turbulence standard deviation � can be determined by 
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�  m/s = .  ℎ + ; = .  m/s            (3.3) 
Figure 3.3 shows different values of the turbulence standard deviation with different 




2. Extreme wind conditions 
a. Extreme wind speed model (EWM) 
The steady Extreme wind model, which has a recurrence period of 50 years   and  
a recurrence period of 1 year  respectively, is a non-operating condition and can be 
calculated using the flowing equation: 




















Figure 3.3 The turbulence standard deviation verses hub wind velocity 
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� = .  �                 (3.5) 
Where  
 = the reference wind speed is listed in Table 3.1. 
b. Extreme operating gust (EOG) 
The hub gust magnitude  can be determined by the following equation: 
= min { . − ℎ ;      .  �+ . ��  }                         (3.6) 
where �  = the turbulence standard deviation. Λ = the turbulence scale parameter which depends on hub height � and is given by  
Λ = { .  z     z  m  m   z m              (3.7) 
= the rotor diameter. 
The wind speed is defined by the flowing equation: 
�, = { � − .  sin � − cos �  �o� �                                                                oth��wis�                    (3.8) 
Where  
T=10.5 S 
c. Extreme turbulence model (ETM ) 
The wind speed is used depend on the equation (3.2) with longitudinal components 
standard deviation using the following equation: 
 �  m/s =  .  � �� + �ℎ − + ; =  m/s           (3.9)  
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d. Extreme direction change (EDC) 
         The wind speed is used that based on normal wind profile model or power law in 
equation (3.2). 
e. Extreme coherent gust with change direction (ECD) 
        The extreme coherent gust with change direction is given by: 
 =  /  
The wind speed is defined by the following relationship: 
�, = {                                                 � + . − cos �          � +                                                          (3.10) 
Where  
T= the rise time equal 10 sec � = the wind speed based on normal wind profile model. 
3.1.3 Direct wind pressure on tower  
Direct wind load is calculated based on the process given by ASCE 7-10. The  
static wind load along the height (z) can be calculated by the following equations:                                            � = �                                                                                        (3.11) 
Where           = gust effect factor. 
   = force coefficient, which is presented in Table 3.3. � = diameter of subjected segments. 
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�  =wind pressure at elevation Z, which is calculated based on the following equations: 
    � = .                                                                                 (3.12)  
Where                                
   = Topographic factor.  It can be taken as 1.0. 
    = Wind directionality factor.  It is equal to 0.95 for round cylinder tower. 
   = Velocity pressure exposure coefficient.  
= {  
  . ( �)�  .  < � < �. ( .�)�   � < .                                                                                       (3.13) 
Where  α = Value is based on exposure category which can be taken from Table 3-3. �  = Gradient height of exposure category which can be taken from Table 3.3. 
V = The basic wind speed (m/s) with a 3 second averaging time at a height of 10 m, which 
can be found from Table 3.1 
The gust factor is calculated by  
= . ( + . ̿    √ + )+ . � ̿                      (3.14) 
Where  
̅= the intensity of turbulence is given by 
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 ̅ =  ̅                                     (3.15) 
The values for   �̅ and c is listed in Table 3.3.            
The peak factors for background response and for wind response �  a�� ��ual to  . . 
The peak factor for resonant response is defined as: 
= √ ln ( ,   ) + .√  ,                                                                     (3.16) 
where 
  Fundamental natural frequency 
R= The resonant response factor calculated as: 
= √ ℎ . + .                                                               (3.17)   
Where 
 = .+ .                                                                                                       (3.18) 
= ̅�̅̅                                                                                       (3.19) 
ℓ = −   − −                >                                                  (3.20) 
where 
ℓ =    =         
Where, ℓ = ℎ  �  
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 =  . ℎ�̅̅ ,         (3.21) 
ℓ =  �  
= . �̅̅ ,                                (3.22) 
 ℓ = �   
= .�̅̅        (3.23)    
̅ ̅ = ̅ ̅ ̅                                                                                                                        (3.24)
̅ ̅  Mean hourly wind speed (m/s) at height �̅.  
 �̅, α̅ and ̅  is listed in, the values in Table 3.3 
V =basic wind speed (m/s) 
                                                                                                   (3.25)                                     
   
Where  
 B= width or diameter of the tower, 
h = tower length 
̅ = ℓ ̅ �̅        (3.26)  
the values ℓ, �̅ and ϵnd  are listed in Table 3.3                     
= √ + . + ℎ̅ .  
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= ∫ � . � ℎ                                                                                                   (3.27) 
� = ∫ � . � − � . �ℎ                                  (3.28) 
Table 3.3 Terrain exposure contents (ASCE-7-10) 
Exposure � ��  ̂ ̂ �̅ ̅ c �  ∈̅ � �  
B 7.0 365.76 1/7 0.84 1/4.0 0.45 0.30 97.54 1/3.0 9.14 
C 9.5 274.32 1/9.5 1.00 1/6.50 0.65 0.20 152.4 1/5.0 4.57 
D 11.5 213.36 1/11.5 1.07 1/9.0 0.80 0.15 198.12 1/8.0 2.13 
 
3.2   Seismic load  
 The seismic effects are often less significant to the wind turbine tower design than 
the wind loads because most of wind turbines are located in areas with low seismicity.  
However, wind turbines are expected to be affected by seismic loads during their 
operation. In addition, wind turbines are occasionally constructed in areas of high 
seismicity. Therefore, the load combinations should take into account seismic loads 
whether in an operational state or an emergency shutdown.    
3.2.1 Design Response Spectrum 
       Based on the IBC 2012 code, a structure must be designed and constructed to resist 
the effects of earthquakes.  As shown in Figure 3.4 response spectra are developed and 
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=
{  
   
  . + .   �     �   �   �   <
 
applied according to the IBC 2012 code. The calculation formulas to define the seismic 
spectra are determined as follow: Design spectral response acceleration 
                                         
    (3.29) 
 
Where 
   = the design spectral response acceleration parameter for short periods. 
 =the design spectral response acceleration parameter 1 second periods. 
 = the fundamental period of structure. 
 =the Long – period transition period. 
 
Figure 3.4 Spectrum response  
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=                                         (3.30) 
= . ��                   (3.31) = ��                           (3.32)                                                                                                                     =                                    (3.33)                                       
Where,  
 = Maximum considered earthquake (MCE) spectral response acceleration at 1 second 
period.    
  = Maximum considered earthquake spectral response acceleration for short period.        =                                                                                                                        (3.34) 
=                                                                                                                        (3.35) = the mapped MCE spectral response acceleration at 1 second period.   = the mapped MCE spectral response acceleration at short periods. 
= the site coefficient as a function of site class and a 1 second period MCE. 
= the site coefficient as a function of site class and short period MCE. 
The lateral load due to seismic load can be calculated by  
=                                                                                                                 (3.36)                        
Where 
   =the effective seismic weight per segment. 
= the effective seismic response coefficient.  = sRI                                                                                                                   (3.37)                        
Where  
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    = the response modification factor which is 1.5 as recommended by RP2011. 
    = the importance factor.  
= sT RI     for       (3.38)                = DT RI     for >         (3.39)      = .    for > .        (3.40)      
 
3.3 Load combination for ultimate design wind load 
 In order to design towers safely, the limit  state design method is used with the 
appropriate partial safety factors intended to cover all realistic combinations. Two Limit 
state design conditions are used: Ultimate Limit State (ULS) and Serviceability Limit 
State (SLS).  IEC defines partial safety factors that consider all wind turbine load cases 
which a wind turbine may experience during its useful life. The IEC specified partial 
safety factors as shown in Table 3.4.  
Table 3.4 Partial safety factors for loads, IEC 61400-1 
Unfavorable loads Favorable loads 
Type of design situations All design situations 
Normal(N) Abnormal(A) Transport and erection 
1.35 1.1 1.5 0.9 
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                 CHAPTER 4 
CHAPTER 4                   METHODOLOGY 
4.1 Inverted pendulum 
This dissertation presents a simulation of the motion of wind turbine towers based on 
an inverted pendulum model. This approach provides results of significant accuracy 
because wind turbine towers are slender with deformations that are mostly the outcome of 
bending curvature. The inverted pendulums system consists of discretized rigid beams with 
distributed masses and concentrated stiffnesses which develop deformations based on 
discretized nodal rotations as shown in Figure 4.1.  The accuracy of this approach, as other 
finite element approaches, increases with discretization. 
The advantage of this approach is based on the fact that stiffness becomes one-
dimensional (moment vs curvature), which simplifies the nonlinear behavior modeling, as 
opposed to classical beam element or block finite element approaches, require the 
development of nonlinear stiffness matrices based on more complicated plasticity theories, 
Figure 4.1 Multi-link inverted Pendulum analysis 
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with computational solutions that are more difficult to implement and often suffer from 
instabilities.   
A vertical cantilever structure, modeled as inverted pendulum of beams, as shown in 
Figure 4.2.  The structure consists of element with masses (, …  ), lengths ( , , … , ) that are connected by pins with rotational springs of stiffness coefficients 
( , , , … , ). The nodal degrees of freedom are the rotations .  The equation of 
motion of the system is expressed as   
�� +� +�� = ��   (4.1) 
Where �� is the inertia moment and is expressed �� = � ⋅ �; �  is the damping 
moment, and is expressed � = �; and �� is the stiffness moment, which for linear 
systems is expressed as �� = ��, and for nonlinear systems it is expressed as �� =∫ � �, � is the inertia matrix, �  is the angular acceleration,   is the damping matrix, �  
is the angular velocity, � is the stiffness matrix, �  is the element rotation, and �  is 
the forcing function vector consisting of moment expressions.  To produce an accurate 
model of the motions of the inverted pendulum, one must understand the loads that turbines 
are subjected to.  As shown in Figure 4.2, loads on the tower of the wind turbine are the 
result of: 
1- The wind load which is distributed along the tower height, it is stochastic in nature, 
and typically has magnitudes with random variations about a non-zero average.   
2- The wind effects have a large concentrated magnitude at the top of the tower caused 
by the large surface of the rotor blades. 
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3- The weight of each element and weight of nacelle and hub, including rotor and 
blades, cause second order bending moments along the tower height, and may 
potentially lead to instabilities. 
4- Internal inter-element moments created by the rotational actions of the spring and 
dampers that connect two consecutive elements. 
5- The inertia forces and moments as each element accelerates linearly and rotationally. 
Figure 4.2 Loads on the tower 
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Figure 4.3 shows the response of a tower when it is subjected to the various loads that 
were listed previously.  A randomly deformed tower shape, is presented which causes 
nodes to move transversely (, , … , ) and elements rotationally , , … , ).  The 
transverse displacements are not independent degrees of freedom.  Instead, they are 
expressed as functions of element rotations and positions by 
= − + − −                   (4.2) 
Where = , , , … , , for a discretization of the tower in  elements. 
 
Figure 4.3 Schematic of tower model 
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Figure 4.4 presents the free-body diagrams for each element based on the implied loads 
and the deformations described in Figure 4.3. Note that direct wind force  and inertia 
force  are acting at the center of each element.  
 
 













Figure 4.4 Free body diagram for elements  
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 The moment equilibrium of the nth Element is expressed as  
� � n − − � − − −M + � θ − θ − +  =       (4.3.1) 
Where  � n = m LnӪ +m � − Ӫ − + . . +m � Ӫ + n �                                              (4.3.2) 
 The moment of 2nd Element � � n + + � + � − θ − (σ m= +M )θ − w −p −M + � θ −θ +  =                                   (4.3.3)       
 Where 
� =  Ӫ + Ӫ + a�                                                               (4.3.4)      
The moment of 1st Element: 
� (෍� i= − θ − (෍= +M ) − − p ) −M + � θ  +  =                                                                                                                    (4.3.5) 
� =  Ӫ + �                                                    (4.3.6) 
The equations that express the moment equilibrium at the bottom of each element, 
are expressed in matrix form where the inertia, damping and stiffness coefficients are added 
as was originally described in equation (4.1).  The moments caused by the wind forces and 
ground movement represent the excitation and are listed in the right hand side of the 
equation (4.1). 
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Thus, the equation of motion can be written in the following matrix form:  
[M]. { } + [C]{ θ} + [�]{θ} = {P(t)}- { m}                                           (4.4) 
The inertia/mass matrix therefore becomes: 
[M] = [  
  ………⋱… ]  
  
          (4.4.1) 
Where 
      = +m  + σ +   ,       if   i=j 
      =  + m   + σ +    ,          if   i≠j 
 
The damping C is expressed as Rayleigh damping which is a linear combination of mass 
and stiffness matrices as following: 
 [ ] = [ ] + [ ]                                                           (4.4.2) 
To avoid the complexities of the variable stiffness matrix [ ], equation (4.4.2) is 
simplifying by adapting the value = :  
 [ ] = [ ]                          (4.4.3) 
Thus, the damping matrix becomes: 
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[C] = [  
  ………⋱… ]  
  
                           (4.4.4) 
where 
      = + σ +                                            , If i=j 
      =  + σ +                                        , If i≠j 
 
And the stiffness matrix can be found by: 
[�] = [  
  …… .… .⋱… ]  
  
                          (4.4.5) 
    Where 
         = + + − + + σ  +             , If i=j  
      = −                , If i=j+1 or j=i+1 
      =                   , If i>j+1 or j>i+1 
The wright hand side comprises two vectors which are representing wind loads and 
seismic load respectively:  
P(t)}-{ m} 
The wind forces vector can be calculated by: 
P(t)=[ ]                                                                                                                   (4.4.6)
= + − + + + + + + + +  
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The seismic vector is calculated as:  
m=[ ]                                                                                                                       (4.4.7)  
= + + + + + +  
Where 
   = the mass of element 
   = the length of element 
  = the wind load 
  = the rotation stiffness 
   = the trust load form blades 
   = the moment due to rotation of blades 
    = the weight of nacelle, rotor and hub 
= the ground horizontal acceleration.  
It should be noted that the inertia matrix and damping matrix are fully populated while 
the stiffness matrix is tridiagonal.  
4.1.1 Rotational springs  
           The tower is discretized in a number of elements.  These elements are connected 
with rotational springs which lump the rotational stiffness of the elements that they 
connect.  To achieve a more accurate representation of this stiffness, the moment-curvature 
relation of a cross section is developed based on the uniaxial non-linear behavior of the 
material.  This relation is then integrated over the length of the element to produce the non-
linear lumped stiffness of the rotational springs that connect the elements.  
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        The moment-curvature relation is developed by applying a linear strain field to the 
cross-section, centered about the sections center of gravity.  The stress at every point is 
evaluated based on the non-linear stress-strain relation of the material.  The stresses are 
then integrated to evaluate the applied moment, while the curvature is evaluated as the 
slope of the strain diagram.   
The moment-curvature relation in the case of elasticity is expressed as 
= �               (4.5) 
Where 
 �= is curvature 
=is modules of elasticity.  
= moment of inertia of hollow cylindrical section which is: 
 = �( − )                             (4.6) 
Where = is outside diameter of cross section. 
= is inside diameter of cross section. 
The curvature, is the slope of the strain diagram, and is expressed as:  
� = �                (4.7) 
Where  is the extreme fiber strain, which has the same magnitude for symmetric cross-
sections subjected to pure bending. 
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The rotation for the spring is the accumulation of the curvatures of the length  of e 
element: � = �                (4.8)  
Therefore, the curvature can be expressed as: � = �               (4.9) 
Then by substituting curvature from equation (4.9) into equation (4.5), the relation 
moment- rotation becomes         
� =                  (4.10) 
Because the rotational stiffness of the springs is equal to the slope of moment-r tation 
curve, the stiffness is given by:  =                  (4.11) 
In the case of non-linear materials, such as steel or reinforced concrete, the moment 
curvature relation typically takes the form described in Figure 4.5. The modeling of this 
behavior is described later in this document. 
 
Figure 4.5 Schematic of the cross-sectional nonlinear moment-curvature relation 
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4.2 Newmark’s Method 
Analytical solutions of nonlinear structures subjected to complex dynamic loads are 
typically not feasible.  Instead, numerical time integration techniques of the equation of 
motion, are used.  These techniques are typically identified as a) explicit methods which 
evaluate the solutions at time  by satisfying the equations of motion at time − � , and 
implicit methods that satisfy the equations of motion at time  to find solutions at time  .   
Explicit methods can be computationally efficient, especially in problems with lumped 
diagonal inertia matrices, which allow time step solutions that do not require inverting 
matrices.  The disadvantage of the explicit methods is identified in the fact that they are 
conditionally stable, and require time integration with very small time steps, based on the 
natural period of the highest mode of the system.  Implicit approaches require expensive 
time step solutions that involve matrix inversions.  Their advantage comes from the fact 
that they can be unconditionally stable, and thus can perform time integrations with much 
larger time steps.  Newmark’s method is probably the most common implicit approach to 
solve linear and nonlinear structural dynamics problems, and was selected in this study to 
solve the inverted pendulum problem.  
Newmark’s method is based on truncated Taylor series of the angular velocity , and 
rotation   with trapezoidal interpolation of the last, truncated, term:   
+ = + [ − Δ ] + Δ  +                                              (4.12) 
+ = + Δ  + [ − ]Δ + Δ +                                                         (4.13) 
These equations are used for discretization of the incremental equation of motion with 
respect time   as follows 
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[�]{� ��} + [ ]{���} + [�]{���} = {���}                                                (4.14)  
M, K and p are defined in equations (4.2).  
The most common implementations of Newmark’s method are as follows: 
=  And =   which is also known as the average acceleration method, and  =  and 
=   which is also known as the linear acceleration method.   The stability of Newmark’s 
method demands that  
  
Δ �√ √ −              (4.15) 
For the average acceleration method, the condition becomes 
  Δ < ∞              (4.16) 
 Thus, the average acceleration method is stable for any value of increment time Δ  
(unconditionally. Stable)  It is noted that unconditionally stable is not equivalent to 
accurate, and thus, while stability places no demands on the magnitude of Δ , reasonable 
accuracy demands that Δ  is relatively small. The linear acceleration method stability 
equation becomes 
 Δ .           (4.17) 
In this equation,  in the natural period of the smallest natural period of the structure.  For 
large structural systems, can be very small (in the order of −  to −  seconds, which 
places a very strict demand on the time step Δ .  This may result in the requirement of using 
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millions of steps per second.  As a result, the linear acceleration method is typically limited 
only to small structural systems (only a few degrees of freedom).  
The average acceleration method, which is unconditionally stable, has been selected to 
evaluate the response of the towers examined in this dissertation. 
4.2.1 Linear analysis 
Figure 4.6 illustrates the stiffness of a linearly elastic system where the rotation of 









Figure 4.6 Tangent stiffness for linear algorithm 
The linear dynamic response of tower can be solved using Newmark’s approach is 
described in Table 4.1. 
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Table 4.1 Newmark’s Method- Linear structural systems. 
 
Average acceleration method 
   =  And =    
Initial Conditions: at t=0 =  and =  
Incremental approach:  
1- Initial calculation:  
1.1     = P − −    
1.2    �    
1.3 ∗  = � +  � +  �     
1.3 =  �   +   ; and  = + Δ  −  
2- Calculation for each step �: 
2.1  Δ ∗ = Δ +    +    
2.2  Δ =  ∗− Δ ∗  
2.3  Δ = Δ Δ − � + Δ  −  �  
2.4  Δ = Δ Δ − Δ � + β � 
2.5  + = + Δ  , 2.6 + = + Δ   , + = + Δ . 
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4.2.2 Nonlinear analysis 
The linear systems to have constant stiffness, indicating that the moment of each 
rotational spring is proportional to the rotation of the spring with a specific constant of 
proportionality. This behavior describes reasonably accurately the response of most civil 
structures under service loads.  However, it does not represent the response of the same 
structures under ultimate strength design loads, which are intended to describe failure 
conditions.  Linearly elastic solutions of structures subjected to static loads are typically 
acceptable even under ultimate (nonlinear) conditions, because most structures have 
sufficient redundancy and ductility which allows internal force redistributions that meet 
the load demands as evaluated elastically. However, ignoring the nonlinear material 
response under dynamic loads can lead to significant errors because an elastic analysis fails 
to capture the continuous variation of natural frequency of the structure caused by in 
varying stiffness.  The problem can be very acute in the cases of wind turbine towers, which 
are statically determinate and cannot redistribute their internal forces to accommodate load 
discrepancies.   
It is concluded that the nonlinear nature of the material response of the wind turbine 
towers subjected to their strength design loads must be accounted for.  The tangential 
(incremental) approach adapted in this dissertation to integrate numerically the equations 
of motion, is described in this section.   
The incremental rotation of spring �, Δ�  is related to the incremental rotations of 
the elements � −  and � that surround it as follows: 
Δϕ = Δθ − Δθ −                                    (4.18) 
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The total rotation � of node � at time , �  is then evaluated as 
ϕ = � −Δ + Δϕ                                      (4.19) 
The accuracy of the solution can typically be improved by selecting a sufficiently 
small time increment Δ .  The proper time increment depends on the stiffness of the 
structure, and the rate of variation of the applied loads which are mainly wind and seismic 
loads.  Generally, time increments in the order of Δ = .  are sufficient to address the 
effects of structure stiffness on the accuracy.  It is quite common for implicit solutions to 
use a time step that is controlled by the dynamic nature of the loads rather than the structural 
stiffness.   
The analysis of non-linear structures is similar to that of linear structures, except 
for the fact that the structural stiffness is not constant within one increment, as described 
in Table 4.2 on page 59.  This necessitates iterations to account for the continuously varied 
stiffness in order to satisfy dynamic equilibrium The Modified Newton- Raphson iterative 
technique has been implemented in this study, as described in Table 4.3 on page 60. 
Table 4.2 Newmark’s Method- Nonlinear structural systems. 
Average acceleration method 
=  And =    
Initial Conditions: at t=0 =  and =  
Incremental approach:  
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                                              Table 4.2: Continue 
 
1- Initial calculation:  
      1.1 = P − −         
1.2 Select  �    
1.3 =  �   +   , = − Δ  −  
2- Calculation for each step �: 
2.1 Δ ∗ = Δ +    +    
2.2 Determine the tangent stiff 
2.3 ∗  = +  � +  �     
2.4   Δ =  ̃− Δ ∗, which can be calculated by Modified Newton- Raphson 
iteration. 
2.5  Δ = Δ Δ − � + Δ  −   
2.6  Δ = Δ Δ − Δ � + β � 
2.7  + = + Δ  , + = + Δ  , + = + Δ  
 
4.2.3 Modified Newton- Raphson iteration: 
In nonlinear systems, the value of incremental rotation for each step cannot be 
directly determined because the average stiffness within that step is not unknown. Instead, 
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the tangent stiffness at the beginning of the time increment is only known.  Use of this 
stiffness without correction results in stiffer systems and inaccurate predictions of 
structural response as shown in Figure 4.7.  More accurate evaluations can be achieved by 
using iterative procedures such as the Modified Newton Raphson technique which 
converges to more accurate estimations of rotation for each time step.   
In this method, tangent stiffness is evaluated only once within each time step, and 
iteration are performed using only this step. Therefore, it provides a slower rate of 
convergence than the original Newton Raphson iteration where the tangent stiffness is 









Figure 4.7 Tangent stiffness for nonlinear algorithm 
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In the Modified Newton- Raphson iteration can be summarized in Table 4.3 numerical 
force is less than  
Table 4.3 Modified Newton- Raphson iteration 
Initial data 
+  =       =    Δ = Δ ̂      ̂ = ̂  
1. Calculation for each iteration, j=1,2, 3…, m 
1.1 solve: Δ  = ̂− Δ  
1.2  +  = +  −  + Δ  
1.3 Δ = − − + (̂ − )Δθ   
1.4  Δ + = Δ − Δ   
Stop iteration when Δ = σ Δ= . 
 
4.3 Basis of new approach 
          The inverted pendulum approach that is proposed in this dissertation has the 
following characteristics: 
 Elements are interconnected with a pin and a nonlinear spring. 
 The nonlinear behavior of each spring is evaluated by the integration of the moment-
curvature relation of the elements that are connected to the spring. 
 Since the rotational stiffnesses of the elements are lumped to the springs at the ends of 
the elements, the elements are modeled as infinitely stiff in the current analysis.   
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The non-linear moment-rotation relation of the spring is developed based on the 
integration of the cross-sectional stresses caused by linear strain distributions and non-
linear axial stress-strain material response. Figure 4.8 illustrates the development of 
stresses along the cross section, which is the result of a non-linear stress-strain relation.  
The specific example is based on an axial behavior that elastic-perfectly plastic.  However, 
any uniaxial relation can be modeled.  Based on the nonlinear stress development described 
in Figure 4.8, the moment – curvature relation also becomes nonlinear as indicated at the 
bottom of the same figure.  
 
Figure 4.8 Cross section moment rotation relation 
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4.4 Constitutive model for nonlinear analysis  
The non-linear relation between moment and curvature or moment and spring rotation 
is modeled based on the asymptotic relation proposed by Richard et al. (1975). Richard’s 
curve was modified to account for the cyclic nature of loads, which means that each step 
has its own point of origin, while the ultimate capacity does not change (Figure 4.9) 
 
The asymptotic equations relating moments to spring rotations are expressed as 
follows: 
If � < �  − = � −�( + � −�− − )                                                        (4.20.1) 
If � �  − = � −�( + � −�− )                                                 (4.20.2) 
Figure 4.9 The constitutive model equation. 
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Where �  and  are the initial rotation and moment respectively for each branch of 
the moment-rotation relations. 
The approach taken in this study is incremental (Figure 4.10).  
 
Thus, the relations 4.20 must be expressed in an increment form:  � = ∗ ��                                                                                         (4.21) = −  +                                                                  (4.22) 
 
Equations (4-20) are expressed in incremental (tangential) form as follows:  
If � < �  
� = = + � −�− − +                                      (4.23.1) 
If � �  
Figure 4.10 The tangent stiffness with each increment 
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� = = ( + � −�− ) +                                                                                      (4.23.2) 
Where  n is a shape parameter. Figure 4.11 demonstrate the effect of parameter  on he 
shape of the moment-rotation model.  is the initial stiffness matrix which, as discussed 
earlier it is equal to ,  is the ultimate moment capacity of the cross-section, and  is 
the factor which influences the shape of the relation from a mild transition from elasticity 
to plasticity when  is small, to an elastic-perfectly plastic behavior when  is large.   
 
 
4.5 Design flexural strength for cross section 
The moment capacity for each tubular round element can be determined according 
to the ratio of the outer diameter to the thickness of the element.  
Figure 4.11 The effect of n parameter on M-ϕ curve 
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Steel sections are often designed to have thin walls to reduce weight and costs.  As a 
result, their strength may be controlled by local buckling.  The local bucking strength is 
evaluated as instructed in ANSI/TIA -222-G, which defines the design flexural strength for 
hollow cylindrical members with compact sections, non-compact sections, and sections 
with slender walls respectively as follows: 
For   .                  
= .  = .      (4.24) 
For     . < .    
= .  = . .�  +         (4.25)  
For  . <  
= .  = . .�          (4.26) 
Where 
= the nominal flexural strength. 
Z= plastic section modulus for circular hollow section is given by 
= −                    (4.27) 
S= elastic section modulus for circular hollow sections and is equal to 
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 = �( − ).            (4.28) 
4.6 Calculating the moment-rotation shape parameter n 
     The calculation of the shape parameter  is evaluated by a least squares curve fitting of 
the calculated moment-curvature relation using Richard’s asymptotic equation as shown in 
Figure 4.12.   
The moment-curvature relation is calculated by the integration of the normal stresses based 
on progressively increased strain fields (Figure 4.12), as follows:  
= ∫   � + ∫   ��   (4.29.1) 
 Therefore, the developed moment  can be expressed by 
=  cos + αcsc         (4.29.2) 
where 
= the angle that defines the location of elastic-plastic deformation interface.  =  
describes a section that is fully plastic, while = �,  represents a state that is fully elastic.  
Thus, a moment-curvature equation is developed point-by-point using equation (4.29.2), 
and is curve-fitted using the model equations (4.20), which for monotonic loads is 
simplified to equation (4.30).  Thus, the parameter  is evaluated to match the point-by
point moment-curvature relations.  
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 = � ( + � )          (4.30) 
 
4.7  Determining tower natural frequency  
Rayleigh’s method provides the approximate natural circular frequency of a cantilever 
beam with a distributed mass over its length and a concentrated mass on the top of the 
tower. 
Natural frequency of the system is: 
= ∫ � [ ′′ � ]    ∫ [ ]                                                                                             (4.31) 
where �   is an estimation of the deflection function of the tower under the specific 
mode of interest.  
Figure 4.12 Calculating the cross-section capacity 
 
69                                                                   
Assuming that the deflection curvature is  � = � − � , which is the deflection 
shape of a prismatic cantilever beam subjected to a concentered load at its free end, the 
natural frequency is calculated as:  
= .   √  +                                                                               (4.32) 
And hence the frequency is 
=   �                                                                                                                        (4.33) 
Therefore, the frequency of the tower is 
= . √  +                             (4.34) 
where  is the average distributed mass of the tower, and is the mass of the rotor and 
nacelle of the top of the tower. The two most significant load frequencies of the tower are 
the rotor frequency 1P and the blade shadowing frequency, which is labeled 2P or 3P, 
depending on the number of blades used in the system.  The 1P loading frequency is that 
of a complete rotation of the turbine blades, while 2P or 3P is the frequency of any one 
blade moving through a specific location such as the tower shaft and it is twice that of 1P 
for a two-bladed turbine, or three times that of 1P or a three-bladed turbine.  It is a common 
requirement for the design of a turbine tower, that the fundamental frequency of the tower 
be different that these xcitation frequencies.   In the industry, it common to call the 1P 
frequency the passing frequency, and the 3P frequency, the rotational frequency (3P).  It is 
very important that the tower natural frequency does not coincide with either 1P or 3P 
(DNV/Risø, 2002). 
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                 CHAPTER 5 
CHAPTER 5                        ANALYSIS 
5.1 Introduction 
A computer program, named HWAT, was developed to implement the methodology 
described in chapter 4 to examine the response of wind turbine towers to dynamic wind 
and earthquake loads. Both elastic and inelastic solutions were produced to examine the 
effects of nonlinearity under design loads. The program is capable to address problems 
with multiple degrees of freedom, limited only by the memory and computational 
capabilities of the computer that operates the program.  Figure 5.1 shows the main interface 
of the program. 
 
 
Figure 5.1 The Dynamic response of HWAT program 
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A typical problem starts with the tower model. The tower is then divided in a number 
of elements.  This division is typically sufficiently refined to produce an accurate and 
efficient solution to the problem.  The implemented algorithm is summarized in Figure 5.2. 
 
   
Figure 5.2 The flowchart of the main analysis steps. 
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5.2 Wind Turbine properties  
The achieve the objective of this research and demonstrate the effects of nonlinear 
analysis, a typical steel wind turbine tower, which is representative of a large class of 
operating wind turbines, is selected for the analysis of this study.  The wind turbine tower 
characteristics are presented in Table 5.1.  
Table 5.1 Main properties of the Wind Turbine Tower 
Property Value 
Rated power 2 MW to 2.5 MW 
Hub height 78.4 m 
Rotor diameter 80 m 
Rotating speed 10-18 RPM 
Range of operations wind velocity 4-25 m/s 
Rated wind speed 12 m/s 
Ultimate wind velocity 42.5 m/s 
Gross weight  200 ton 
  
Because the specifications of wind turbine towers are confidential and cannot be included 
in this dissertation, a model tower of properties that have been produced based on published 
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and informally provided information, is used in this study.  The basic geometry of this 
tower is presented in Figure 5.3.  
Figure 5.3 Steel tower properties 
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As shown in Figure 5.3, the tower has the shape of a truncated hollow cone.  At the 
base, the external diameter is 4.2 m and wall thickness of 33 mm, while at the top the 
diameter is 2.3 m and the wall thickness of 22 mm at the top.  The tower material is steel 
with density ,  �g/m , modulus of elasticity  �Pa, and yield stress  MPa.   
The tower is discretized in a number of elements.  Each element  has a constant 
diameter � and wall thickness  which correspond to the dimensions of the element at 
its mid-point.  The mass for each element therefore can be computed as 
= . .            (5.1) 
Where 
=element length 
 = element area which is  
= �− �                                 (5.2) 
� = the inner diameter of the element, which is 
� = � −                           (5.3) 
= density of element. 
5.3  Generating random wind velocities 
In order to simulate the random wind load characteristics and produce a suitable set 
of aerodynamic data, different wind speeds are considered at hub height. The wind shear, 
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which is the variation of wind speed, is calculated based on IEC and ASCE-7 as discussed 
in chapter 4.   
The production of the arbitrary wind loads has been guided by published load data at 
the foundation level.  These are typically provided by the wind turbine designers as a load 
specification for the design of the tower foundations.  Reverse engineering was used to 
produce the equivalent static loads to find the reasonable approximations of hub-level 
loads, and tower length pressure distributions. 
At the design wind speed  m/s,  the rotor experiences a concentrated force , while 
the tower is subjected to a parabolic distributed wind pressure, as shown in Figure 5.4. The 
moment and shear equilibrium equations are as shown below.   + σ ℎ =                                                                                             (5.4) 
where 
   = blade thrust (N) 
   = tower height (m) 
   = velocity pressure /    at height ℎ  (m). 
   = outer diameter m   at height ℎ  . 
   = length of element �  . 
  = Moment at the base .  .       
+ σ = ℎ                                                                                                  (5.5) 
where, 
ℎ    = Horizontal reaction ). 
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The wind pressures are obtained using equation (3.12) and exposure C from Table 
3.3 as follows: 
       ℎ = . ax . , i.  . i .                                      (5.6)   
 
  
Thus, the velocity  at tower height  and blade thrust  can be found by substituting 
equation (5.6) in equations (5.5) and (5.4).   These allow a reasonable approximation of the 
blades surface, which is then used, based on the design wind speed, to produce dynamic 
loads of the tower.  
Figure 5.4 Calculation loads on tower  
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A statistical analysis is performed to simulate the variation of wind loads on the 
onshore wind turbine that is used.  The wind velocities are generated based on an average 
equal to the design wind speed, a standard deviation of 15 percent of the average magnitude 
(Madsen et al.,1998) and a random number generator that satisfies the above criteria.  An 
example of such time – velocity relation is presented in Figure 5.5  
 
 
Note that in the beginning stages, the wind velocity is gradually increased to its 
design value to avoid the unrealistic dynamics of a sudden velocity jump to 42.5 m/s.  The 




Figure 5.5 Simulation of wind velocity during 5 minute 
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5.4 Foundation stiffness 
The tower-foundation interaction is simulated with a rotational spring at the base of the 
tower.  The foundation stiffness calculation itself is outside the scope of the study. Instead, 
rotational stiffnesses, based on the common requirements of different wind turbine 
manufacturers, have been considered. It is common that the turbine manufacturers require 
a minimum rotational stiffness, which they consider that it does not affect significantly the 
outcome of their simulations, which are based on the assumption of fixed base.  Common 
values of minimum rotational stiffness requirements are 900 MNm/degree, 1500 
MNm/degree, and 2000 MNm/degree.  In this analysis, a complete fixation was simulated 
with a rotational stiffness of 20000 MNm/degree. 
5.5  Validation and veri fication 
The program that was developed for the current analysis was validated based on 
analytical solutions of simple problems and the computational solutions of more 
complicated problems using the commercial software RISA3D. 
5.5.1 Validation of frequency 
The first step in the verification process was to verify the natural frequency 
predictions of the software with that evaluated by RISA3D.  It is noted however, that 
RISA3D evaluates natural frequencies by solving the eigenvalue problem.  The software 
developed for the purposes of this study solves the time response.  Thus, the natural 
frequency of a structure can be evaluated using a frequency sweep loading function.  Two 
towers were tested for validation purposes.  
A sine sweep function is generated by applying a sine load with a continuously 
changing natural frequency : 
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ω = ω − + dω                             (5.7) 
� = A Sin ω  t                   (5.8) 
Where  = the natural frequency for time  
= Natural frequency change between times  and + . 
Figure 5.6 shows example of a sweep loading function and the corresponding 
structural response. 
Figure 5.6 Sweep Loading function and structural Response identifying natural 
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Comparison of the time sweep approach of this software and the eigenvalue solutions of 
RISA3D, indicates that the solutions achieved by this software are quite accurate. The 
comparisons are summarized in Table 5.2 
For the accuracy of the HWAT dynamic analysis program it was found the error is 
under 4% compared with theoretical and commercial program. 
Table 5.2 comparing the natural frequency of the tower 
 
5.5.2 Validation of nonlinear deflection 
The validation of the linear and nonlinear displacement for the constant top load is 
performed by using the Moment Area Method which can be effectively implemented to 
verify the deformations that are calculated by this software.  
Considering the tower as a cantilever beam as shown in Figure 5.7 has tangential 
deviation of point B with respect to the tangent of the deformed beam at point A, /   
which is equal to the tower displacement .   Thus, the deformation  is  
 
 
 Risa 3D HAWT Approximate solution 
First mode 0.245 0.256 0.394 
Second mode 2.989 2.833 2.475 
 
81                                                                   
           
 
    
= /  = ∫ � ̅   �                                (5.9) 
By using the definition of the modified hyperbolic expression, which was presented 
by Richard et al. (1975), the curvature can be expressed as 
� = −             (5.10) 
Where = | − � | and ̅ = − �  at any points. 
Figure 5.7 The area - moment method 
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Substituting the expressions of bending moments into equation (5.9) and then into 
equation (5.10) produces the integral equation that can be used to calculate the deflection 
at any point as follows 
= ∫ −�− −�    �          (5.11) 
This integral is computed numerically for 80 m tower with 10 elements, outer 
diameter 4 m and inner diameter 3.965. Then, the results compared to the solution produced 
by the software in Table 5.3. 




5.6  Value of shape parameter n 
     As shown in Figure 5.8 the shape of the moment vs. rotation relation depends of the 
value of the constitutive model parameter .  As discussed earlier, the value of  is 
determined by the HWAT program based on the equations: =  cos +  csc        (5.12) 
= � ( + � )          (5.13) 
 Numerical Integration of (5.11) HAWT  
Displacement m  0.842 0.859 
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      Figure 5.8 (a) presents the constitutive equation curve with value of n =1 (black curve) 
and the relation of equation 5.12, (red curve) which depends on the geometry of circler 
cross section. Figure 5.8 (b) shows the same relations, when n=7.  
 
(a) Comparison cross section equation with the constitutive model equation n=1 
(b) Comparison cross section equation with the constitutive model equation n=7 
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5.7  Dynamic response for the models 
The model presented in Figure 5.3 represents a modern steel tower that supports wind 
turbines ranging in power between 2 and 2.5 MW.  The dynamic analysis of the model is 
developed to determine the linear and nonlinear response for wind velocity 42.5 m/s for a 
loading period of 4 minutes. 
5.7.1 Dynamic response for random ultimate factored loads  
Figure 5.9 shows one of a series of random wind loads with an average of 42.5 m/s 
wind speed and random time variations based on a standard deviation of 15% of the average 
wind speed magnitude.  
 
 The wind velocity of Figure 5.9 was translated into wind pressure which was applied 
to the wind turbine tower.   The dynamic solution of the problem was then achieved.  Figure 
5.10 demonstrates the developed moments at each cross-section, and compares them to the 
capacity of the tower at the same cross-sections. It is shown in this figure that local buckling 
controls over strength at all cross-sections.  The response of the tower is dominated by the 
first mode, which results in an almost linear increase of the developed bending moment 
Figure 5.9 Wind speed 42.5m/s at tower height during 5 minutes 
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with depth, indicating the dominant influence of the very large load at the top of the tower 
(blades thrust).  However, the conical shape of the tower combined with the reduced wall 
thickness, result in critical sections which are located between elevation 28.05 m and 39.45 
m.  These correspond to elements 10,11,12,13, and 14 in the tower discretization (complete 
discretization consisting of 28 elements).  Thus, the presentation of the results of this study 
concentrate on element 12, which was the most critical.  The behavior of node 2, which  
 
represents the base of the tower, is also presented.  Because the response of the tower is 
dominated by the first mode, the deflection of the tower is larger at the top node which is 
node 29. 
A number of random wind loads based on the average wind velocity of 42.5 m/s 
and a 15% standard deviation.  The time vs moment development for nodes 12 and 2 
Figure 5.10 Comparison between ultimate factored moments and Mu 
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representing the lowest response based on linear analysis is presented in Figure 5.11.  The 
























(a) Base moment vs time in terms of linear response 
 
                          (b) The moment vs time at node 12 in terms of linear response  
                        Figure 5.11 Moment - time   with wind speed   42.5 m/s 
 





(a) Base moment with time in terms of linear response  
(b) The moment vs time at node 12 in terms of linear response 
Figure 5.12 Moment - time   with wind speed   42.5 m/s 
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5.7.2 Dynamic response for random ultimate factored envelops loads   
          To determine the maximum moments under all loads examined, all 
moment vs time relations are plotted, to determine the envelopes of all responses 
when the tower is subjected to average wind speeds of 42.5 m/s.  These data are 
presented in Figure 5.13 for the critical node 12 based on elastic as well as 
inelastic structural responses.  
  
 
(a) Moment envelopes vs time at node 12 in terms of linear response  
 
(b) Moment envelopes vs time at node 12 in terms of nonlinear response 
               Figure 5.13 Moment envelopes vs time with wind speed   42.5 m/s 
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5.7.3  Dynamic response for random factored loads   
  This section uses the previous loads on Figure 5.9 with load factor 1.35. Figure 
5.14 shows the critical elements which are 12 and 13.  It is concluded that it is adequate 
to produce the moment at node 12 to compare it with the previous result in section 5.7.1. 
Figures 5.15 and 5.16 respectively show the relationship for the highest and the lowest 
linear moment and time for node 2 and 12.    
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                                  (b)  The moment vs time at node 12 in terms of linear response 
                                                                Figure 5.15 Moment - time   with wind speed   42.5 m/s  
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(a) Base moment with time in terms of linear response 
 
  
(b) The moment vs time at node 12 in terms of linear response  
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5.7.4 Dynamic response for random factored envelops loads   
          The 1.35 factored linear and nonlinear moment envelopes that contain all the 
maximum values when the tower was subjected to 42.5 m/s wind speed are shown in 
Figure 5.17.  
.  
 
(a) Moment envelopes vs time at node 12 in terms of linear response  
 
(b) Moment envelopes vs time at node 12 in terms of nonlinear response  
                                   Figure 5.17 Moment envelopes vs time with wind speed   42.5 m/s  
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5.7.5 Dynamic response for unfactored random loads   
This section uses the previous loads on Figure 5.9 with load factors of 1. Figure 
5.18 shows the closest elements to ultimate moment are 12 and 13. Therefore, it is 
adequate to produce the moment at node 12 to compare it with the previous result in 
section 5.7.1. Figure 5.19 and Figure 5.20 respectively shows the relationship for the 




Figure 5.18 Comparison between un factored moments and Mu  
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(a) Base moment with time in terms of linear response 
  
  
(b) The moment vs time at node 12 in terms of linear response    
 Figure 5.19 Moment vs time with wind speed   42.5 m/s 
 
95                                                                   
  
(a) Base moment with time in terms of linear response 
  
 
(b) The moment vs time at node 12 in terms of linear response 
 
          Figure 5.20 Moment vs time with wind speed   42.5 m/s 
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5.7.6 Dynamic response for random unfactored envelops loads   
          The unfactored linear and nonlinear moment envelopes that contain all the 
maximum values when the tower was subjected to 42.5 m/s wind speed are shown 
in the Figure 5.21.  
  
 
(a) Moment envelopes vs time at node 12 in terms of linear response  
  
(b) Moment envelopes vs time at node 12 in terms of nonlinear response  
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5.8 Tower deflection envelopes for ultimate loads 
         The deflection envelope that contain all the maximum values which the tower may 
subject to ultimate loads for 42.5 m/s wind speed are shown the Figure 5.22. 
 
(a) Tower top displacement envelopes with time in terms of 
linear response 
 
(b) Tower top displacement envelopes with time in terms of 
nonlinear response 
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5.9  Dynamic response due to seismic and wind loads  
The response for combined seismic and wind load is discussed in the section. The 
El Centro 1940 accelerogram with load factor of 1 is combined with a random wind 
load, also with a load factor of 1.0.  The El Centro earthquake lasted approximately 
one minute.  In this simulation, the earthquake base accelerations are applied t the 
time interval that starts at 133 secs and ends at 189.96 sec. Figure 5.23 and Figure 5.24 
shows the response for linear and nonlinear system.   
(a) Moment vs time at node 2 in terms of linear response  
 
(b) Moment vs time at node 12 in terms of linear response       
Figure 5.23 Moment vs time due to seismic load with wind 
speed   42.5 m/s 
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(a) Moment vs time at node 2 in terms of nonlinear response 
 
  
(b) Moment vs time at node 12 in terms of nonlinear response 
   Figure 5.24 Moment vs time due to seismic load with wind speed   
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5.10 Tower deflection due to seismic and wind loads 
         Figure 5.25 shows the displacement of the top node verses time for linear 
and nonlinear system due to seismic and unfactored wind loads. As shown in the 




(a) Tower top displacement with time in terms of linear response 
   
 
 
(b) Tower top displacement with time in terms of nonlinear response 
 
                Figure 5.25 Tower top displacement vs time for seismic and wind speed  
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CHAPTER 6 
CHAPTER 6                 CONCLUSIONS  
6.1 Introduction 
The objective of this research was to develop a simple model to evaluate quickly and 
accurately the linear and nonlinear dynamic response of wind turbine towers and illustrate 
the tower response when subjected to extreme design loads.  The effects due to random 
wind loads, seismic loads, and combined wind and seismic loads were examined.  
6.2 Dynamic response for random ultimate and factored loads 
For the tower that was examined, which is a reasonably representative structural 
model of the 80 m steel towers, it was found that the nonlinear moment is controlled by 
local bulking.  In the model adapted in this study, the tangential stiffness is mostly elastic, 
with a quick transition to a zero magnitude as the maximum moment is approached.  As a 
result, typical response to ultimate loads resulted in residual deformations, when nonlinear 
response was considered.  
6.3 Dynamic response to random unfactored loads 
For the modeled that was examined in this study, the response due to unfactored 
loads was linearly elastic.  As a result the moments and deformations of the tower were 
predicted to be the same under both elastic and inelastic analyses. 
6.4 Dynamic response to random factored loads 
When the model was subjected to factored loads, non-linear response was calculated.  
However, the weak points of the tower were not at the location of maximum moment (i.e. 
at the base).  Instead, the critical sections were identified to be at approximate elevation of 
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30 meters.   Thus, the base cross-section responded in a mostly linear way, while the cross-
section at the elevation of 30 meters was subjected to significant permanent deformations.  
It is interesting to note that the nonlinear response at elevation of 30 meters resulted in 
reduced elastic moments at the base.   
6.5 Dynamic response due to seismic and wind loads  
The influence of seismic loads on the tower is typically less important than the 
influence of the wind load.  
In this investigation, the method and results were developed for onshore steel towers. 
However, the approach presented is general can be used for concrete and hybrid wind 
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